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Resumen
Se aplicó un diseño de experimentos de Doehlert para tres 
factores para el estudio de la solubilidad en mezclas acuo-
sas de 1,4-dioxano (concentración de dioxano, 0-100% 
vol.) y en diferentes condiciones de extracción [tempera-
tura de extracción (150-230ºC) y tiempo de cocción (10-
40 min)] de la lignina contenida en cáscaras de almendra 
(Prunus amygdalus) hidrolizadas. Las variables que más in-
fluencia tenían sobre el proceso de extracción organosolv 
fueron la temperatura de extracción y la concentración de 
dioxano; en el caso del grado de deslignificación alcan-
zado y de la selectividad en la extracción de la lignina, 
ambas variables ejercieron una influencia similar, mientras 
que la extractabilidad del material se vio más afectada por 
la temperatura de extracción. La influencia del tiempo de 
cocción fue pequeña en todos los casos. Además, se ob-
servó una dependencia significativa entre la temperatura 
de extracción y la concentración óptima de dioxano de la 
mezcla que conducía a un grado de deslignificación máxi-
mo, lo que fue explicado mediante la teoría del parámetro 
de solubilidad y teniendo en cuenta tanto la degradación 
de la estructura de la lignina como los cambios ocurridos 
en la asociación entre la lignina y los carbohidratos.
Palabras clave: Extracción organosolv con dioxano, Di-
seño de experimentos de Doehlert, Cáscaras de almendra 
hidrolizadas, Condiciones de extracción de la lignina.
summaRy
The solubility of lignin from hydrolyzed almond (Prunus 
amygdalus) shells in 1,4-dioxane–water mixtures (dioxane 
concentration, 0-100% vol.) and different extraction con-
ditions [extraction temperature (150-230ºC) and cooking 
time (10-40 min)] was studied using a three-factor Doehlert 
experimental design. The most influenced variables in 
the organosolv process were the extraction temperature 
and the dioxane concentration; in the case of the delig-
nification degree reached and the selectivity of the lignin 
extraction, both variables had a similar influence, while 
extractability was most influenced by the extraction tem-
perature. The influence of cooking time was small in all the 
cases. Moreover, a significant dependence was observed 
between the extraction temperature and the optimum dio-
xane concentration of the mixture leading to maximum de-
lignification, which was explained by solubility parameter 
theory and taking into account changes in both the extent 
of the association between lignin and carbohydrates and 
the degradation of the lignin structure.
Keywords: Dioxane organosolv extraction, Doehlert expe-
rimental design, Hydrolyzed almond shells, Lignin extrac-
tion conditions.
Resum
Es va aplicar un disseny d’experiments de Doehlert per a 
tres factors per l’estudi de la solubilitat en mescles aquo-
ses de 1,4-dioxà (concentració de dioxà, 0-100% vol.) i en 
diferents condicions d’extracció [temperatura d’extracció 
(150 - 230 ºC) i temps de cocció (10-40 min)] de la lignina 
continguda en closques d’ametlla (Prunus amygdalus) hi-
drolitzades. Les variables que més influència tenien sobre 
el procés d’extracció organosolv van ser la temperatura 
d’extracció i la concentració de dioxà, en el cas del grau 
de deslignificación assolit i de la selectivitat en l’extracció 
de la lignina, ambdues variables exerciren una influència 
similar, mentre que l’ extractabilitat del material es va veu-
re més afectada per la temperatura d’extracció. La influèn-
cia del temps de cocció va ser petita en tots els casos. A 
més, es va observar una dependència significativa entre la 
temperatura d’extracció i la concentració òptima de dio-
xà de la mescla que conduïa a un grau de deslignificació 
màxim, el que va ser explicat mitjançant la teoria del parà-
metre de solubilitat i tenint en compte tant la degradació 
de la estructura de la lignina com els canvis ocorreguts en 
l’associació entre la lignina i els carbohidrats.
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1. IntRODuCtIOn
The processes in which raw materials are pulped produce 
large amounts of wastewater of a highly polluting nature, 
especially sulfite- and sulfate-based process. One way of 
circumventing this shortcoming is by removing the fibre 
and lignin using suitable organic solvents (cellulose pul-
ping processes based on sulfur-free organic solvents, viz. 
organosolv processes) [1]. Although the effectiveness of 
such solvents has long been known, they have only re-
cently started to be used for this purpose at pilot-scale 
and in small-scale industrial plants [2], largely as a result 
of the scarcity of effective alternatives to conventional pro-
cesses and the need to respond to new economic and en-
vironmental challenges.
Organosolv processes have been applied with varying 
degrees of success to hardwood and softwood (92–95% 
of the raw materials used to obtain paper) and also, to a 
lesser extent, to non-wood materials. A number of non-
wood materials have been shown to provide excellent fibre 
for speciality paper and are the sole viable raw materials 
available for this purpose in some geographic areas. Also, 
non-wood materials, such as agricultural residues, may 
help alleviate the growing scarcity of forest wood materials 
[3].
Current organosolv pulping methods are intended to 
provide not only pulp, but also lignin, sugars and other 
by-products so as to exploit the full potential of the raw 
materials. In addition, organosolv pulping shows promise 
for use in biorefinery processes; for example, Lignol Inno-
vations (Vancouver, Canada) has developed a biorefining 
technology that uses an ethanol-based organosolv step 
to separate lignin, hemicellulose components and extrac-
tives from the cellulosic fraction of woody biomass; the 
resultant cellulosic fraction is readily converted to ethanol 
by saccharification and fermentation, while the liquor from 
the organosolv step is processed to recover lignin, furfural, 
xylose, acetic acid and a lipophilic extractive fraction [4].
The lignin produced (a by-product of delignification) by 
conventional pulp and paper mills is degraded, so that it 
is only used in low-added value applications and energy 
production. Organosolv processes, on the other hand, es-
pecially those that do not use catalysts, generate a lar-
ge amount of a high-quality lignin which is relatively pure, 
primarily unaltered and less condensed than other pre-
treatment lignins. These “unaltered” lignins are expected 
to play an important role in the near future as raw materials 
for the production of bio-products because they are solu-
ble in many organic solvents and could find applications 
in the fields of adhesives, fibres, films and biodegradable 
polymers.
Organosolv delignification is favoured by the addition of 
catalysts (inorganic acids). However, the lignin solubilized 
in the presence of these acid catalysts presents a higher 
degree of degradation [5], hindering its further use in the 
field of fine chemicals; moreover, from an economic stan-
dpoint, the addition of catalysts makes the organosolv 
process more expensive.
Pulping processes have been subjected to factor design 
testing in order to develop polynomial models capable of 
predicting the properties of the pulp and paper sheets. The 
obtained models are a function of the operating variables, 
which permits optimization of the responses [6-8].
In this work, we study the 1,4-dioxane organosolv extrac-
tion of lignin from a solid lignin-rich industrial waste (hy-
drolyzed almond shells) resulting from the production of 
xylose from almond (Prunus amygdalus) shells. To minimi-
se lignin degradation and to reduce production costs, the 
extraction was carried with no added catalysts. The main 
variables affecting the delignification process (1,4-dio-
xane concentration, extraction temperature and cooking 
time) were investigated by applying a three-factor Doehlert 
experimental design, and the results were interpreted by 
means of the solubility parameter theory.
2. mateRIaLs anD methODs
2.1. starting material
Hydrolyzed almond shells (HAS), a solid residue from a 
xylose production process (treatment with 1N H2SO4 at 
reflux and atmospheric pressure), were supplied by Furfu-
ral Español, S.A. (Alcantarilla, Murcia, Spain). Most of the 
hemicelluloses were hydrolyzed in these mild conditions, 
with the consequent formation of xylose, leaving a solid 
residue, whose biopolymeric structure (cellulose and lig-
nin) is not excessively disturbed [9]. In contrast, the hydro-
lysis conditions used to produce furfural are more severe 
(treatment with 3% H2SO4 at 180°C and 10 bar for 2 h), 
resulting in a much more degraded residue [10], which is 
less suitable for a organosolv extraction study.
Before organosolv extraction, HAS were ground in a ham-
mer mill, sieved to a particle size of 0.2–0.5 mm, extracted 
with water in a soxhlet to lower the acidity (to pH>5) and 
eliminate the remaining hydrolyzed hemicelluloses, and, 
finally, dried in an oven at 45ºC for at least 12 h. The ma-
terial consisted of the following (expressed in % weight on 
dry basis): lignin, 47.4; holocellulose, 48.4; cellulose, 36.3; 
pentosans, 5.9; ash, 0.02; and moisture, 4.5.
2.2. analytical methods
The Klason lignin, holocellulose, cellulose, pentosans 
and ash were determined by the ASTM D1106-96, ASTM 
D1104-56, ASTM D1103-60, ASTM D1787 and ASTM 
D1102-84 norms, respectively.
2.3. Working method
Before organosolv extraction, the HAS were humidified to 
reach a 22% moisture content and stored at 20ºC in dark-
ness for at least two days. This led to the highest extracta-
bility of the material during organosolv extraction (internal 
communication) due to the swelling of its structure.
Next, organic suspensions (8 g of HAS in 150 ml of solvent 
mixture) were prepared and left for 24 h in darkness before 
the process was started. The suspensions were loaded in 
batches into a reactor (a stainless steel cylindrical autocla-
ve of 300 ml capacity), which was then pressurized with 
nitrogen up to 4.9 MPa. The organosolv extraction was 
carried out by introducing the reactor (by means of a me-
chanical–pneumatic arm) into a smelted salt bath, which 
permited the reaction mass to reach the desired tempe-
rature in less than 9 min; the heating time needed for the 
reaction mass to reach the extraction temperature was not 
considered as part of the cooking time. The reactor was 
continuously shaken orbitally at 100 rpm during extraction. 
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After the reaction time, the reactor was removed from the 
salt bath and introduced in a water bath to stop the reac-
tion [11].
After treatment, the solid and liquid phases were separa-
ted by filtration and the solid was washed with 100 ml of 
the same solvent mixture as used for the organosolv ex-
traction. The solid obtained was then dried in an oven at 
105ºC and weighed. The liquid phase and the wash liquid 
were mixed, brought to 250 ml with the solvent used for 
extraction and stored in 250 ml bottles in the refrigerator.
2.4. experimental design
Since the classical method of varying one variable at a 
time has the disadvantage of not being able to consider 
the effect of interaction between variables, which may lead 
to erroneous or inaccurate results, an experimental design 
based on a three-factor Doehlert uniform network was 
applied to determine the synergic effect between varia-
bles. To apply this experimental design, ranges of 0/100-
100/0 v/v (0-100% vol. of dioxane), 150-230ºC and 10-55 
min were selected for the dioxane-to-water ratio (dioxane 
concentration), extraction temperature and cooking time, 
respectively. This design meets the general requirements 
that every parameter in a polynomial model should be es-
timated from a reduced number of observations and that 
observations should be spread as evenly as possible over 
the experimental region of interest. With three independent 
variables, fifteen distinct experiments were sufficient to fit 
a second-order polynomial model. The central combina-
tion for the experimental design was a dioxane concen-
tration of 50% vol. of dioxane, an extraction temperature 
of 190°C and a cooking time of 25 min. The experiment 
corresponding to the central combination was repeated 
twice to estimate the experimental error. The results were 
subjected to multiple lineal regression in a Microsoft Excel 
spreadsheet.
3. ResuLts anD DIsCussIOn
The following parameters (all expressed as % dry weight) 
were defined to monitor the organosolv process: extrac-
tability (amount of starting material which has been dis-
solved), delignification (amount of Klason lignin which has 
been dissolved) and selectivity (amount of Klason lignin 
present in the dissolved matter). The delignification was 
determined based on the difference between the amount 
of Klason lignin contained in the initial material and that 
present in the solid residue after extraction. The Klason 
lignin content of the solid materials was determined twice 
and the error in its determination was ± 3.1%. The selecti-
vity was calculated as delignification multiplied by the Kla-
son lignin content (in % weight) of the initial material and 
divided by the extractability.
The application of the three-factor (study variables) 
Doehlert uniform network led to mathematical models 
capable of predicting and optimizing the extractability, 
the delignification and the selectivity in the experimental 
domain of the 1,4-dioxane concentration, extraction tem-
perature and cooking time. The proposed experimental 
design was used to obtain the results given in Table 1, in 
which the experimental conditions used are also shown. 
When the central operating conditions (50% vol. of dio-
xane, 190°C and 25 min) were used in three experiments 
(essays number 1, 8 and 15), the results obtained in each 
experiment for the extractability, delignification and selec-
tivity differed by less than 6.3, 7.7 and 8.3%, respectively, 
from their average values. Experimental data were mode-
led using the second order polynomial
Z = a0 + a1X1 + a2X2 + a3X3 + a12X1X2 + a13X1X3 + a23X2X3 + 
a11X1
2 + a22X2
2 + a33X3
2
where Z represents the response studied, X1, X2 and X3 the 
coded independent variables (corresponding to the dioxane 
concentration, extraction temperature and cooking time, re-
spectively), and a0, a1, a2, a3, a12, a13, a23, a11, a22 and a33 the 
regression coefficients, which must be estimated from the 
experimental data in Table 1. The expressions that relate the 
real value of each natural variable with its coded value are:
Table 1.- Experimental design conditions and re-
sults for dioxane organosolv extraction from HAS.
essay 
nº
P 
(v/v)
t 
(ºC)
t 
(min)
e 
(%)
LK 
(%)
D 
(%)
s 
(%)
1 50/50 190 25 39.2 32.1 58.8 71.0
2 100/0 190 25 17.4 34.9 39.2 100
3 75/25 230 25 83.9 68.2 76.9 43.4
4 25/75 230 25 51.7 85.2 13.2 12.1
5 0/100 190 25 13.6 52.8 3.7 12.9
6 25/75 150 25 4.1 45.8 7.4 85.1
7 75/25 150 25 3.8 45.4 7.8 96.7
8 50/50 190 25 37.2 37.0 51.0 65.0
9 25/75 203 40 28.6 49.6 25.3 41.9
10 50/50 163 40 15.2 40.0 28.4 88.9
11 75/25 203 40 56.8 20.8 81.0 67.6
12 25/75 177 10 10.5 45.4 14.2 64.3
13 50/50 217 10 55.4 62.5 41.2 35.3
14 75/25 177 10 22.9 31.6 48.6 100
15 50/50 190 25 34.7 31.9 56.1 76.6
P= dioxane-to-water ratio; T= extraction temperature; 
t= cooking time; E= extractability; LK= Klason lignin in 
the extraction residue; D= delignification; S= selectivity.
Dioxane concentration (% vol.) = 50 + 50 X1; -1 < X1 < +1
Extraction temperature (ºC) = 190 + 46.19 X2; -0.866 < X2 
< +0.866.
Cooking time (min) = 25 + 18.38 X3; -0.816 < X3 < +0.816
The estimated regression coefficients, together with the 
r2 values and Snedecor’s F-values for the fitted models, 
are shown in Table 2. In the coefficients calculated for the 
extractability, it can be observed that the most influential 
factor was the extraction temperature, followed by the di-
oxane concentration and finally by the cooking time (a2 > 
a1 > a3), the only appreciable interaction being between 
temperature and dioxane concentration (a12). Of the qua-
dratic terms, only term a11 was significant, its negative 
value indicating the possible presence of a maximum ex-
tractability value within the dioxane concentrations used. 
As the cooking time had little influence on this response 
(low value of a3) and on delignification and selectivity, only 
the contour plots in the experimental domain of the diox-
ane concentration and extraction temperature for cooking 
times of 10, 25 and 40 min will be presented. As can be 
seen in Figure 1, both dioxane concentration and extrac-
tion temperature significantly affected the extractability, 
whereas the cooking time hardly influenced it. It can also 
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be observed that the amount of starting material dissolved 
passed through a maximum for dioxane concentrations of 
40-80% vol., depending on the extraction temperature: 
the higher the extraction temperature, the greater the max-
imum extractability obtained, and the more this maximum 
moves towards increasing concentrations of dioxane. In 
addition, regardless of the dioxane concentration, the ex-
tractability increased considerably and continuously with 
increasing extraction temperatures and only slightly with 
the cooking time. The use of the Solver tool of Microsoft 
Excel for optimizing the second order polynomial led to 
a maximum extractability value of 83.5% when using a 
dioxane-water mixture of 83% vol. of dioxane at the maxi-
mum temperature tested (230ºC) and for a cooking time 
of 37.6 min.
Table 2.- Regression coefficients of the mod-
el, r2 values and Snedecor’s F-values for diox-
ane organosolv extraction from HAS.
extractability Delignification selectivity
a0 37.03 55.29 70.90
a1 10.02 28.14 34.79
a2 37.21 21.20 -39.04
a3 2.39 6.26 -0.24
a12 18.81 36.57 11.43
a13 2.97 0.10 -10.15
a23 1.71 12.89 10.43
a11 -21.51 -33.83 -14.44
a22 5.65 -27.37 -10.63
a33 -4.25 -7.98 -0.61
r2 0.961 0.938 0.960
F 17.68 11.05 4.22
As regards delignification, the dioxane concentration and 
the extraction temperature had a similar (a1 ≈ a2) and strong 
influence, while the cooking time again had little effect on 
this response (low value of a3). Concerning the synergic ef-
fect between variables, the dioxane concentration and the 
extraction temperature showed a high degree of interac-
tion (high value of a12), while the synergy between the ex-
traction temperature and the cooking time was moderate 
(a23). There are two appreciable quadratic terms (a11 and 
a22) and, therefore, the predicted surfaces were very steep 
in the experimental domain, as can also be appreciated 
from Figure 2; the negative value of the quadratic terms 
indicates the possible presence of a maximum delignifi-
cation value within the range of dioxane concentrations 
and extraction temperatures used. The contour plots for 
the delignification in the experimental domain of the diox-
ane concentration and extraction temperature for cooking 
times of 10, 25 and 40 min are shown in Figure 2. Delig-
nification was zero when pure water was used and high 
for mixtures containing more than 50% vol. of dioxane at 
temperatures above 200ºC. Delignification passed through 
a maximum within the dioxane concentrations used, which 
was greater and moved to increasing dioxane concentra-
tions as the temperature rose. Similarly, this response also 
passed through a maximum within the range of extrac-
tion temperatures used, this maximum being higher and 
moving towards increasing extraction temperatures as 
the dioxane concentration rose. The shape of the contour 
plots was very similar regardless of the cooking time (see 
Figures 2a, 2b and 2c), the degree of delignification mod-
erately increasing with cooking time. The use of the Solver 
tool of Microsoft Excel for optimizing the corresponding 
second order polynomial led to a maximum delignification 
value of 88.5% when using a dioxane-water mixture of 
94% vol. of dioxane at the maximum temperature tested 
(230ºC) and for the longest cooking time (40 min).
Regarding the selectivity of the lignin extraction process, 
the cooking time practically had no effect on this response 
(very low value of a
3), while the other two independent 
variables had a similar (a1 ≈ a2, in absolute value) and a 
strong influence; however, the selectivity response sur-
faces increased as the extraction temperature decreased 
(negative value of a2) and the dioxane concentration rose 
(positive value of a1), as can also be appreciated in Fig-
ure 3; therefore, temperature was the only parameter that 
had a very negative effect on selectivity. In this case, the 
three independent variables interacted moderately. There 
are two moderately significant quadratic terms (a11 and a22) 
and, therefore, the predicted surfaces were steep in the 
experimental domain (see Figure 3). Comparison of the 
contour plots in Figure 3 for cooking times of 10, 25 and 
40 min indicated that selectivity slightly decreased with 
cooking time. The Solver tool of Microsoft Excel pointed to 
a maximum selectivity of 100% when the extraction was 
                                            
figure 1.- Predicted contour levels for the extractability (wt%) of HAS as a function of dioxane con-
centration and extraction temperature for cooking times of: a) 10, b) 25, and c) 40 min.
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carried out with pure dioxane in the mildest conditions 
used (150ºC and 10 min).
The results obtained do not coincide with those repor-
ted by Quesada et al. [12] applying the clasical method 
of varying one variable at a time to study the organosolv 
extraction of HAS. This clasical experimental design led 
to a lower maximum delignification degree (87.5% when 
using a mixture of 75% vol. of dioxane at 210ºC and 25 
min). Therefore, the use of a second order Doehlert expe-
rimental design enabled us to improve the conditions of 
lignin extraction from HAS and indicated the limitations of 
the clasical design, which does not consider the synergic 
effect between variables. The fact that the maximum delig-
nification degree obtained by applying the clasical design 
is very similar to that reached with the Doehlert experi-
mental design may be due to the use of starting extraction 
conditions in the case of the clasical design (210ºC and 
40 min) close to the optimal, which led to a dioxane con-
centration of 75% vol. The selection of different starting 
extraction conditions (e.g., a lower temperature) would 
have led to lower dioxane-to-water ratios and, therefore, 
to lower maximum delignification degrees (see Figure 2).
The maximum delignification degree reached with the di-
oxane–water mixtures was greater than that obtained with 
acetone–water and ethanol–water mixtures [12]. Several 
authors have used aqueous mixtures of dioxane as ex-
tracting agent; for example, Barnet et al. [13] carried out 
the extraction of autohydrolyzed poplar wood in a Soxhlet 
with an azeotropic dioxane-water mixture for 72 h and 
were able to reduce the Klason lignin content from 21% 
to 2.7%. In turn, Beltrame et al. [14] achieved a 90% del-
ignification degree during the extraction of autohydrolyzed 
(230ºC for 60 s) wheat straw with a dioxane–water mixture 
of 50% vol. of dioxane.
The fact that the percentage of dissolved material increa-
ses with the severity of the dioxane organosolv extraction 
(i.e., higher temperatures and longer cooking times) could 
be explained by the greater degradation of the polymeric 
structure of the material, which favors the dissolution of 
the biopolymers in the medium. However, an increase in 
organosolv extraction severity led to a decrease in the lig-
nin extraction selectivity [15], which was probably due to 
a greater holocellulose (cellulose in the case of HAS) ex-
traction. Cellulose is more stable than hemicelluloses and 
lignin [16, 9] due to its microfibrillar structure and crystalli-
nity [17], which hinders its dissolution, so that more severe 
extraction conditions are needed.
The amount of cellulose dissolved in each assay (see Ta-
ble 3) was estimated by considering that all the hemicellu-
loses initially present in HAS (5.9% wt) were extracted in 
each assay; therefore, since the amount of lignin extracted 
(delignification) is known, this estimation represents the 
minimum amount of cellulose which has been extracted. 
As expected, the greater the severity of the organosolv 
extraction process, the higher the amount of cellulose ex-
tracted and the lower the lignin extraction selectivity. Note 
that cellulose extraction was only significant when the pro-
                                               
figure 2.- Predicted contour levels for the delignification (wt%) of HAS as a function of dioxane con-
centration and extraction temperature for cooking times of: a) 10, b) 25, and c) 40 min.
                   
figure 3.- Predicted contour levels for the selectivity (wt%) of HAS as a function of dioxane con-
centration and extraction temperature for cooking times of: a) 10, b) 25, and c) 40 min.
AfinidAd LXViii, 552, Marzo - Abril 2011112
cess was carried out at temperatures above 190ºC, which 
would have led to a strong decline in selectivity. In gene-
ral, lignin is more soluble in organic solvents than in water, 
while the opposite is true for holocellulose; therefore, the 
lower the water content of the extraction mixture, the hig-
her its lignin extraction capacity and the lower its holoce-
llulose extraction capacity. For this reason, the maximum 
degree of delignification was reached when using mixtures 
with a high dioxane (94% vol.) content, while maximum ex-
tractability (lignin and holocellulose together), was attained 
with a mixture less rich in dioxane (83% vol. of dioxane).
If the aim of the organosolv process is to reach the greatest 
degree of lignin extraction and the highest content of lignin 
in the extract, it will be necessary to use mixtures with a 
high dioxane content (>90% vol. of dioxane) to maximize 
both delignification and selectivity. Subsequently, the ex-
traction temperature and the cooking time will be selected 
according to the response to be optimized; thus, if the aim 
is to favor delignification over selectivity, a high extraction 
temperature (230ºC) and long cooking time (40 min) will be 
necessary, while if a high degree of delignification and an 
acceptable degree of selectivity are desired, milder extrac-
tion conditions should be used.
Table 3.- Estimated minimum amount of cellulose ex-
tracted during dioxane organosolv extraction of HAS by 
applying a three-factor Doehlert experimental design.
essay nº P 
(v/v)
t 
(ºC)
t
 (min)
C
 (%)
s
 (%)
1 50/50 190 25 8.2 71.0
2 100/0 190 25 0.0 100.0
3 75/25 230 25 87.1 43.4
4 25/75 230 25 82.5 12.1
5 0/100 190 25 9.2 12.9
6 25/75 150 25 0.0 85.1
7 75/25 150 25 0.0 96.7
8 50/50 190 25 11.8 65.0
9 25/75 203 40 19.6 41.9
10 50/50 163 40 0.0 88.9
11 75/25 203 40 23.6 67.6
12 25/75 177 10 0.0 64.3
13 50/50 217 10 61.7 35.3
14 75/25 177 10 0.0 100.0
15 50/50 190 25 1.1 76.6
P= dioxane-to-water ratio; T= extraction temperature; 
t= cooking time; C= estimated cellulose that 
has been extracted; S= selectivity.
It can be concluded that the most influential variables on 
the organosolv extraction process were the extraction 
temperature and dioxane concentration; in the case of 
delignification and selectivity, both variables had a similar 
influence, while extractability was most influenced by the 
extraction temperature. The influence of cooking time was 
slight in all the cases. Moreover, weak interactions were 
detected between the dioxane concentration and the coo-
king time in the case of selectivity and between the dio-
xane concentration and the extraction temperature in the 
case of extractability, while a significant interaction bet-
ween the dioxane concentration and the extraction tempe-
rature was obtained in the case of delignification.
If (i) the above second order polynomial is derived with re-
spect to the dioxane concentration (X1) [considering that 
the extraction temperature (X2) and cooking time (X3) are 
constants], (ii) X1 is substituted by its value isolated from 
the expression Dioxane concentration = 50 + 50 X1, (iii) the 
derived equation is equated to zero, and (iv) we solve for 
the Dioxane concentration, the following linear equation is 
obtained:
Dioxane concentration = 50 - 25 a1/a11 - (25 a12/a11) X2 - (25 
a13/a11) X3
When this expression is particularized for delignification, 
it determines the optimum dioxane concentration of the 
solvent mixture as a function of the extraction temperature 
and cooking time, which leads to the maximum degree of 
delignification. The contour plot of the above linear equa-
tion is shown in Figure 4a. As the cooking time has no 
influence on the optimum dioxane concentration, the lin-
ear relation between the optimum dioxane concentration 
and the extraction temperature can be represented for, for 
example, a cooking time of 25 min (see Figure 4b). It can 
be appreciated that the dioxane concentration of the sol-
vent mixture leading to the maximum degree of delignifica-
tion increased with extraction temperature, as can also be 
seen in Figure 2; in this way, the maximum delignification 
which can be reached at 170ºC would be obtained with a 
mixture of 59% vol. of dioxane, while at 210 and 230ºC 
mixtures of 82% and 94% vol. of dioxane, respectively, 
would be necessary. Therefore, if a starting temperature 
of 170ºC had been chosen during the application of the 
same classical method of varying one variable at a time as 
described by Quesada et al. [12], a mixture of 50% vol. of 
dioxane would have led to maximum delignification. This 
result would be in apparent conflict with the results pre-
dicted by the solubility parameter theory, which postulated 
that the best mixture is composed of 75% vol. of dioxane 
[12]. However, as discussed below, the results attained in 
this study can also be interpreted by means of the solubil-
ity parameter theory.
According to this theory [18], the solubility of a polymer 
in a solvent will be greater, the closer the respective va-
lues of their solubility parameters are. Therefore, maxi-
mum delignification (lignin solubility) should occur during 
the organosolv extraction of HAS when the δ-value of the 
solvent mixture is close to that of the lignin to be extrac-
ted. If the solubility parameter theory is used to explain the 
dependence between the optimum dioxane concentration 
of the mixture leading to the maximum delignification and 
the extraction temperature, we must take into account that 
the δ-value of the solvent mixture does not depend on the 
extraction temperature [11]; therefore, the δ-value of the 
lignin extracted probably changes as a result of structural 
alterations caused by the thermal effect.
As observed in the thioacidolysis analysis and during the 
determination of Klason lignin of the fractionated organo-
solv extracts from HAS, the use of low temperatures (150-
170ºC) causes the extracted lignin to show a high degree 
of association with saccharides (internal communication). 
Therefore, because the δ-value of saccharides [e.g., δ
xylose 
= 21.37 (cal/cm3)1/2, δglucose = 22.42 (cal/cm
3)1/2] is greater 
than that of lignin [14.60 (cal/cm3)1/2], the δ-value of the 
lignin associated to carbohydrates (lignin-carbohydrate 
complexes) will be higher than that of the free lignin and 
close to that of the dioxane–water mixtures [δdioxane = 9.30 
(cal/cm3)1/2, δwater = 22.31 (cal/cm
3)1/2] [12], which thus be-
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come the most suitable for dissolving these complexes; 
that is, although free lignin is dissolved with more difficulty 
in water-rich mixtures, these mixtures have a much greater 
capacity to dissolve the lignin-carbohydrate complexes, 
achieving generally higher delignification degrees. There-
fore, the lower the extraction temperature, the higher the 
water content of the solvent mixture to maximize delignifi-
cation, since the degree of association between the lignin 
extracted and saccharides is greater. Lignin-carbohydrate 
associations may be of the covalent type through ester 
[19] and/or ether (benzylic-type [20], phenyl-type [21] and/
or acetal-type [22]) bonds, forming the lignin-carbohydrate 
complexes, and/or of a non-covalent type by means of 
electrostatic forces between the lignin and cellulose [23]. 
Lawoko [24] claimed that almost all the lignin in softwood 
is associated with carbohydrates, forming the lignin-car-
bohydrate complex. In the case of almond shells, Caballe-
ro et al. [25] confirmed, by thermal analysis (TG/DTA), that 
there is a clear interaction between lignin and holocellu-
lose; these authors observed different thermal decompo-
sition behaviour between the isolated biopolymers (lignin 
and holocellulose separately) and the biopolymers inside 
the non-fractionated material (lignin and holocellulose to-
gether inside the lignocellulosic matrix).
Moreover, the use of moderate temperatures (200-210ºC) 
causes the association between lignin and holocellulose to 
practically disappear (internal communication). In this way, 
the dioxane–water mixture that would lead to the maxi-
mum delignification degree at this temperature should 
have a δ-value very close to that of free lignin [14.60 (cal/
cm3)1/2], that is, it should be the mixture with a 75% vol. 
of dioxane [δ-value = 14.03 (cal/cm3)1/2], which has been 
demonstrated experimentally [12].
If temperatures above 200-210ºC are used, the best mix-
tures for extracting lignin are composed of more than 75% 
vol. of dioxane: the higher the temperature, the greater the 
dioxane content of the mixture. As the mixtures with a very 
high dioxane content have δ-values very close to that of 
pure dioxane [9.30 (cal/cm3)1/2], the δ-value of the lignin ex-
tracted in these conditions should be close to 9.30 and, 
therefore, lower than that of free lignin. The thermal effect 
(a)                                                                            (b)
figure 4.- Dioxane concentration (vol.%) of the solvent mixture that maximizes the organo-
solv delignification of HAS: a) contour plot in the domain of the extraction temperature and cook-
ing time, b) as a function of the extraction temperature for a cooking time of 25 min.
figure 5.- General schema of the delignification process from hydrolyzed almond shells using diox-
ane–water mixtures. Influence of the extraction temperature on the dioxane concentration that maxi-
mizes the delignification and interpretation by means of the solubility parameter theory.
AfinidAd LXViii, 552, Marzo - Abril 2011114
of temperatures above 210ºC may cause condensation 
and degradation of the lignin structure, resulting in pro-
ducts with a δ-value lower than that of free lignin. Among 
degradation and condensation [26] reactions are the de-
hydration of the phenylpropane units [27], the formation of 
diphenylmethane-type compounds [28] and the propane 
chain cleavage of the phenylpropane units leading to com-
pounds such as vanillin and syringaldehyde [27, 29, 30]. 
The diphenylmethane-type compounds, vanillin [δ-value 
= 10.80 (cal/cm3)1/2] and syringaldehyde [δ-value = 10.48 
(cal/cm3)1/2], as well as 3,5-di-tert-butyl-4-hydroxytoluene 
and 2,4-di-tert-butylphenol [highly condensed and bran-
ched compounds with δ-values of 9.04 y 9.05 (cal/cm3)1/2, 
respectively] were detected by GC-MS in the organosolv 
extracts from HAS obtained at 230ºC and have δ-values 
close to that of pure dioxane.
A general schema of the chemical phenomena that oc-
curred during the delignification process of hydrolyzed 
almond shells using dioxane–water mixtures is presented 
in Figure 5; moreover, the application of the solubility pa-
rameter theory to explain lignin extraction from HAS is also 
included in this figure. 
The δ-values of free lignin, free saccharides and lignin-
carbohydrate complexes are located in this schema on 
a scale of solubility parameters for binary dioxane–water 
mixtures, illustrating the dependence between the extrac-
tion temperature, the dioxane concentration of the mixture 
that maximizes delignification, and the degree of associa-
tion between lignin and carbohydrates and of degradation 
of the lignin extracted. Thus, the mixture leading to the 
highest delignification degree at 150ºC was composed of 
a 42% vol. of dioxane, and, under these conditions, the 
lignin-carbohydrate complexes were mainly extracted. As 
the temperature increased, the association between lignin 
and carbohydrates decreased and, at around 200-210°C, 
this association virtually disappeared. Therefore, at 200-
210ºC the lignin was not associated with carbohydrates 
(free lignin) and was extracted better in mixtures with 
δ-values close to that of lignin [δ-value = 14.6 (cal/cm3)1/2], 
i.e., in mixtures with around a 75% vol. of dioxane [δ-value 
= 14.0 (cal/cm3)1/2], which was observed experimentally 
[12]. At above 200-210ºC the lignin structure began to 
condense and degrade: the higher the extraction tempera-
ture, the greater the extent of these reactions leading to 
dehydrated, broken and condensed compounds based on 
phenylpropane units, whose δ-values are lower than that 
of free lignin and therefore dissolve better in mixtures rich 
in dioxane (>75% vol. of dioxane); in this way, the best 
mixture obtained at 230ºC was composed of a 90-95% 
vol. of dioxane.
4. COnCLusIOns
The use of a three-factor Doehlert experimental design for 
the non-catalyzed dioxane organosolv extraction of lignin 
from hydrolyzed almond shells showed that the dioxane 
concentration of the extraction mixture leading to a maxi-
mum delignification degree depends on the extraction 
temperature: the higher the extraction temperature, the 
greater the dioxane concentration of the mixture needed. 
This behaviour can be explained by means of the solubility 
parameter theory and taking into account that the tempe-
rature affects both the degree of association between the 
lignin extracted and carbohydrates, and the degradation 
of the lignin structure.
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